Classical antibacterial surfaces usually involve antiadhesive and/or biocidal strategies. Glycosylated surfaces are usually used to prevent biofilm formation via antiadhesive mechanisms. We report here the first example of a glycosylated surface with biocidal properties created by the covalent grafting of sophorolipids (a sophorose unit linked by a glycosidic bond to an oleic acid) through a self-assembled monolayer (SAM) of short aminothiols on gold (111) surfaces. The biocidal effect of such surfaces on Gram+ bacteria was assessed by a wide combination of techniques including microscopy observations, fluorescent staining and bacterial growth tests. About 50% of the bacteria are killed via alteration of the cell envelope. In addition, the role of the sophorose unit and aliphatic chain configuration are highlighted by the lack of activity of substrates modified respectively with sophorose-free oleic acid and sophorolipid-derivative having a saturated aliphatic chain. This system
demonstrates thus the direct implication of a carbohydrate in the destabilization and disruption of the bacterial cell envelope.
Introduction
Biological contamination of surfaces is a major concern in medical and pharmaceutical industries 1 , food-processing installations, water pipes, naval ships as well as in monuments and cultural heritage materials. Bacteria, fungi or algae are inclined to adhere and grow onto solid surfaces, leading to the formation of biofilms 2 , that may lead to undesired phenomena like loss of adhesion properties, degradation or infection. Surface contamination has an important socio-economical impact. For instance, nosocomial infections in the U.S.A. were estimated to 1.7 million in 2002 and leading to slightly less than 100,000 death cases 3 . Moreover, bacteria in biofilms are generally more resistant 4 , thus making the antibiotics ineffective in the long run. To prevent these problems, a large amount of research is carried out to develop preventive antimicrobial coatings on surfaces, including either antiadhesive or biocidal strategies. In the latter, one mainly finds either a killing-by-contact 5 or a killing-by-release 6 approach, where the active compound can be antibiotic 7 , quaternary ammonium derivatives 5 , nanoparticles 8 , etc., either blended into or deposited onto a substrate 9 , or chemically grafted onto surfaces. Nevertheless, the ecotoxicity of most of these compounds, the increasing resistance of microorganisms, or the complexity of the grafting strategy restrict their practical use at large scales. Bio-derived compounds, e.g. enzymes, molecules able to interfere with quorum-sensing phenomena or antimicrobial peptides, appear as appealing alternatives for their broad range of action, their efficiency at very low concentration and the absence of bacterial resistance. However, their high cost of synthesis and purification, pH sensitivity, susceptibility to proteolysis, as well as potential local toxicity and allergy after repeated applications, may restrict their use 10 .
In this context, carbohydrates, one of the most common compounds in living systems, are of increased interest for a large number of medical and pharmalogical-related applications, like vaccines and anticancer drugs 11 , fabrication of glycoarrays for antibody recognition and cell adhesion 12 , antibiofilm and antimicrobial formulations 13 , just to cite some. Even if carbohydrates alone are a source of nutrition to microorganisms rather than biocidal compounds, some reports relate the antimicrobial effects of sugar-containing molecules, such as bacterial exopolysaccharides, extracted from Escherichia coli, 14 and few glycoconjugates, carbohydrates covalently linked to an organic moiety (from simple alkyl chain to more complex structures), of both synthetic and natural origins.
For instance, amphotericin B, a complex glycolipid extracted from Streptomyces nodosus, is used to treat fungal infections 15 and other compounds display interesting antimicrobial properties 13 . Until now, only two forms of antimicrobial actions of carbohydrate derivatives have been described: 1) a biocidal action via cellular lysis promoted by glycolipids in solution 13 ; 2) an antiadhesive effect, commonly observed for polysaccharides and glycolipids either immobilized on a substrate (glycoarray) or free in solution 13, [16] [17] [18] [19] [20] . Even though the mechanisms of action are still largely debated, the biocidal action is likely due to the amphiphilic nature of the glycolipids, which penetrate into the plasma membrane, causing lysis and possible leakage of cytoplasm material [21] [22] [23] . Since neither pure carbohydrates, nor most common lipids, like fatty acids 24 , have specific biocidal properties, one generally refers to as a "surfactant effect", where the role in the membrane lysis cannot be attributed to a specific part of the molecule, but rather to its physico-chemical properties in solution 25, 26 . In terms of the antiadhesive effect, this is believed to depend on competing protein-sugar interactions between the pathogen and the substrate, where proteins refer to carbohydrate-binding proteins like lectins and adhesins present in the cell envelope. Playing with the nature of a carbohydrate coating (type, mobility, number of sugars), one can either increase or reduce the affinity of cells for a surface, thus promoting, or discouraging, cell adhesion phenomena [16] [17] [18] .
In the context of carbohydrate-driven antimicrobial activity, we show here the first example of a glycosylated surface with biocidal properties. To do so, we use sophorolipids (SL), a family of bolaform glycolipids characterized by a sophorose unit (glucose β(1-2)), linked through a glycosidic bond to oleic acid ( Figure 1 ), and having a COOH group free of access for chemical grafting at the opposite side of the carbohydrate. Sophorolipids are characterized by a low toxicity, high biodegradability, an environmental compatibility and possess both antifungal and/or antimicrobial properties in solution 13, 27, 28 . They are produced in large amounts by the yeast Starmerella bombicola 29 , they are already commercialized worldwide (e.g., Soliance, Ecover, IntoBio, Saraya) 30 and, probably the most interesting feature, they are ready as-such, needing no specific chemical synthesis nor complex protection/deprotection modification. They constitute an ideal platform for large-scale antimicrobial surface applications, if compared to competitors like antimicrobial peptides or customed glyconjugates. In addition, our approach demonstrates the direct involvement in the cell envelope-destabilization/disruption of a carbohydrate, the role of which is largely debated in the biocidal properties of glycolipids in solution 31 but also in the more general context of carbohydrate/lipidic membrane interactions 32 .
The open acidic form of sophorolipids (SL) will be grafted on model flat gold (111) surfaces using short thiolamines as primers (cysteamine, cys). The modified gold surfaces are characterized step by step by Polarization-Modulation Reflection Absorption Infrared Spectroscopy (PM-RAIRS) and X-ray Photoelectron Spectroscopy (XPS). Antimicrobial activity is tested against Listeria ivanovii, a Gram positive bacterium, surrounded by a thick peptidoglycan layer without outer membrane, since sophorolipids appears more effective in solution against bacteria exhibiting such cell envelope.
Antimicrobial properties are qualitatively and quantitatively evaluated through a combination of Atomic Force Microscopy (AFM) and Scanning Electron Microscopy with Field Emission Gun (SEM-FEG), fluorescent staining and bacterial growth tests and compared to blank samples constituted by the gold surface alone and the cysteamine-modified gold surface. In order to elucidate the role of the sophorose group in the biocidal action, we develop and graft on control gold surfaces three SLrelated molecules, either bearing the same sugar but a different chain, or playing with the chain without sugar ( Figure 1 ) : 1) oleic acid (OA), which mimics only the aliphatic chain of sophorolipids, 2) a sophorolipid-derivative having a fully-saturated aliphatic chain (SL0), important to observe the possible role of the molecular conformation at the gold surface due to the presence of a C=C double bond and 3) stearic acid (SA), which mimics the aliphatic chain of the fully-saturated sophorolipid- 
Materials and Methods
Cysteamine (cys), N-hydroxysuccinimide (NHS), 1-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), oleic acid (OA), stearic acid (SA), formaldehyde, dimethyl sulfoxide and sodium chloride (NaCl) were obtained from Sigma Aldrich (Saint Quentin Fallavier, France). Sophorolipids (SL)
were derived from a commercial acidic and lactone mixture of sophorolipids purchased from Soliance (France) (Sopholiance S, batch number: 11103A, dry content: 60 ± 6 %). To obtain a high purity (> ~92 mol%, by 1 H NMR) form of the non-acetylated acidic sophorolipids only, we employed a classical hydrolysis route using 5 M NaOH followed by acidification by HCl and pentanol extraction (please refer to ref. 33 for more details) of the sophorolipid only. The fully-saturated sophorolipid compound (SL0) was derived from the previous one using a Pd-catalyzed hydrogenation reaction described in ref. 34 . All solvents were reagent-grade and were used without any further purification.
Water was purified with a milliQ system (Millipore, resistivity > 18 MΩ.cm −1 ) from EMD Millipore Corp. (Billerica, MA, USA). Glass substrates, coated successively with a 50 Å thick layer of chromium and a 200 nm thick layer of gold were purchased from Arrandee (Werther, Germany).
Surface preparation
The substrates have been prepared using a standard protocol 35 . Prior to use, the gold-coated substrates were annealed in a butane flame to ensure a good crystallinity of the top layer, after what they were exposed to UV-ozone during 15 minutes and rinsed successively in a bath of ultrapure water and in a bath of absolute ethanol during 10 minutes. First, the substrates were immersed in an ethanolic solution of Cys at 10 mM. After 3 hours, the substrates were sonicated in ultrapure ethanol to desorb the non-grafted molecules and thoroughly rinsed in ethanol and then in ultrapure water before being dried under a flow of dried air. Next, to promote the grafting of the SL on the thiolamine, the carboxylic acid termination of SL (50 mg.L -1 ) was activated by succinimide ester using a mixture of EDC (77 mg.L -1 ) and NHS (23 mg.L -1 ) in water. After 1 hour under stirring, the cys-modified gold substrates were immersed for 3 hours in this solution. Successive rinsing in ultrapure water and ethanol were performed to remove non-covalently grafted reactants before drying under a flow of dried air. Quartz Crystal Microbalance was used to verify that the rinsing procedure efficiently eliminated the excess of unreacted SL. OA, SA and SL0 were grafted onto gold following a similar protocol, using ethanol as solvent. The as-obtained surfaces are depicted in Figure 1 . All samples were characterized by PM-RAIRS and XPS after each step of functionalization.
Characterization Techniques

Polarized Modulated Reflexion Absorption InfraRed Spectroscopy (PM-RAIRS)
PM-RAIRS measurements were performed using a Nicolet Nexus 5700 FT-IR spectrometer equipped with a nitrogen-cooled HgCdTe wide band detector. Infrared spectra were recorded at 8 cm -1 resolution, by co-addition of 128 scans. A ZnSe grid polarizer and a ZnSe photoelastic modulator were placed prior to the sample in order to modulate the incident beam between p and s polarizations (HINDS Instruments, PM90, modulation frequency = 36 kHz). The sum and difference interferograms were processed and underwent Fourier-transformation to yield the PM-RAIRS signal which is the differential reflectivity (ΔR/R°) = (Rp-Rs)/(Rp+Rs), where Rp is the signal parallel to the incident plane while Rs is the perpendicular contribution. The measurements were done at two different voltages applied to the modulator ZnSe crystal to optimize the sensitivity.
InfraRed Attenuated Total Reflexion (IR-ATR)
IR-ATR measurements were recorded using a Nicolet 5700 FT-IR spectrometer equipped with a nitrogen-cooled MCT detector. Infrared spectra were obtained by co-adding 256 scans at 8 cm -1 resolution and referencing against the background of air.
Atomic Force Microscopy Imaging (AFM)
AFM images of dried surfaces were recorded using a Caliber AFM microscope from Bruker Instruments Inc. Topographic images were taken in the tapping mode. Silicon nitride tips (resonance frequency 280-400 Hz, force constant 40-80 N/m) have been used. Images were obtained with a constant speed of 1 Hz with a resolution of 512 lines and 512 pixels each. The raw data were processed using the imaging processing software Nanoscope Analysis v.1.30. from Bruker (Nano Surfaces Corp. Santa Barbara, Ca, USA) and used mainly for slope corrections.
Scanning Electron Microscopy with Field Emission Gun (SEM-FEG)
SEM images were recorded with a Hitachi SU-70 Field Emission Gun Scanning Electron Microscope.
The samples were fixed on an alumina SEM support with a carbon adhesive tape and were observed without metallization. In-Lens Secondary electron detector (SE-Upper) was used to obtain characterize our samples. The accelerating voltage was 1 kV and the working distance was around 5 mm. At least five different locations were analyzed on each surface, arising to the observation of a minimum of 100 single bacteria observed.
Water contact angle measurements
Static water contact angles were measured under ambient conditions (at 20°C and 40% relative humidity) analyzing the drop profile of sessile drops. 10 µL droplet of millQ water was deposited on the sample surface using a Krüss DSA100 apparatus (Germany) equipped with a CCD camera and an image analysis processor. 4 droplets were analyzed on different locations on each sample and the test was performed in triplicate on 3 different samples. The reported values are the averages of these 12 measurements for each kind of surface. 
Molecular drawing of SL and SL0 on a flat surface
Antimicrobial activity
Strains and culture conditions
Non-human pathogenic bacteria Listeria ivanovii Li4pVS2 were used to investigate the modified surfaces. Unless otherwise indicated, bacterial suspensions were always prepared from stationary phase cultures incubated overnight in brain heart infusion (BHI) broth (BD Difco, France) at 37°C under agitation (250 rpm). The broth was then centrifuged at 10 000 g for 5 minutes, the supernatant was eliminated and the bacteria were re-dispersed in an isotonic sterile solution (NaCl 0.9%). The optical density of the broth was controlled at 620 nm and adjusted at 0.05, which corresponds to 5x10 6 colony forming unity (CFU) per mL.
Deposition of bacteria on samples
A 100 µL drop of bacteria solution freshly prepared was deposited on each surface sample, which were previously washed in a 70% ethanol aqueous solution and dried in sterile environment. In all experiments, unless otherwise mentioned, the inoculated surfaces were incubated for 3 hours at room temperature under a wet atmosphere. 
Evaluation of bacteria adhesion by infrared spectroscopy
Observation of bacterial morphology by microscopy
Qualitative analysis of the bacterial morphology was done by mean of AFM and SEM-FEG microscopies, which enables to visualize the effect of antimicrobial products on bacteria and could help to identify general target sites 25 . Since SEM-FEG observations are done under vacuum, samples were previously treated as follows: after the incubation period, 12 µL of formaldehyde at 37% were added in order to fix the bacteria and avoid collapsing of bacteria upon drying. After 15 minutes, samples were washed six times with 100 µL drops of filtered ultrapure water to remove non-adhered bacteria and dried under a laminar air flow.
Evaluation of bacteria viability by fluorescent staining
Damaged bacteria on the surface were counted using the Live/Dead Bacterial Viability Kit 
Bacteria growth capacity
The evaluation of bacterial growth capacity after being in contact with the samples completes the characterization data set and was done as follows: after bacterial deposition and incubation during 3 hours, the surfaces were washed five times with 100 µL drops of isotonic sterile solution. Samples were then transferred into a sterile tube containing 2 mL of isotonic sterile solution (NaCl at 0.9 %) and sonicated 5 minutes. The gold sample was removed and bacteria suspensions were diluted 100 and 1000 times. 50 µL of each dilution was deposited in duplicate on petri dishes filled with BHI agar 
Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) determination
The MIC values of sophorolipids and derivatives used for surface grafting were determined using a liquid growth inhibition assay. An exponential-phase bacterial culture of Listeria ivanovii was diluted in broth to an optical density of 0.01 (10 6 CFU/mL). 50 µL of this bacterial suspension were mixed Figure 2 shows the PM-RAIRS spectra of gold surfaces after each functionalization step. After treatment in the cysteamine solution and rinsing, a typical IR spectrum of aminothiol is observed, with the expected absorption bands of NH and CH2 groups as described in literature 35 The grafting of cysteamine is also confirmed by XPS analyses (bottom spectra in Figure S1 in the Supporting Information section). Then, the PM-RAIRS spectrum of the SL-modified sample (Au-cys-SL) shown in AFM and SEM-FEG images in Figure 3 show L. ivanovii deposited on SL-free samples (Au and Au-cys).
Results
SL grafting on Au(111)
Bacteria are of about 1 µm in length and exhibit the expected elongated rod shape 36 To confirm these findings and quantify the number of damaged bacteria, bacterial staining with fluorescent markers, Syto9 and PI, was conducted in such way that green-stained bacteria indicate an intact plasma membrane, while red-stained bacteria show damaged cell membrane. Our results show that less than 5% of bacteria are damaged on both Au and Au-cys surfaces while almost half of the bacteria population has a damaged membrane on the Au-cys-SL sample (Figure 3 ).
However, epifluorescence microscopy does not constitute a direct proof of bacteria viability or death 38 . Conversely, bacteria were also cultivated on agar plate after having been in contact with the modified surfaces in order to count the actual number of bacterial colonies. A drastic decrease of ca 45% of bacterial growth was systematically observed after contact with SL-containing surfaces compared to the Au and Au-cys samples (Growth (%): Au= 100%, Au-cys= 95%, Au-cys-SL= 54%).
These numbers are in very good agreement with the fluorescent staining (Intact bacteria (%):
Au= 98%, Au-cys= 96%, Au-cys-SL= 58%) and confirm the antibacterial effect of SL-modified surfaces via membrane lysis. Note in addition that the rate of damaged bacteria stays constant over time from 1 hour up to at least 6 hours in contact with the surface. Similarly, we have found the same biocidal efficiency at different growth stages (exponential phase or stationary phase) of L. ivanovii.
Understanding the origin of biocidal effect of SL
The data presented so far put in evidence several striking facts: 1) surface-grafted SL keep their biocidal action against Gram+ Listeria ivanovii; 2) the killing efficiency is in the 40 % -45 % range;
3) the apparent mechanism of action occurs through membrane lysis, as described for the same compounds (and related glycolipids) in aqueous solutions [21] [22] [23] 28 . The persistence of the antimicrobial properties of SL after their grafting onto a surface demonstrates that the carboxylic acid group may not play a key role in their antibacterial property, since the COOH is neutralized by the anchoring strategy. This is in line with the comparisons of lactone-type and acid-type sophorolipids activity in solution, which show that the former has a higher antimicrobial activity 28 .
To put in evidence the role of the sophorose unit, we have controlled the possible biocidal action of OA-grafted gold surface. In addition, to understand the potential role of the conformation of sophorose at the outer surface we have tested the biocidal action of the fully saturated form of acidic sophorolipids (SL0) and the corresponding fatty acid (SA), as shown in Figure 1 . It is, in fact, known that the anomer conformations of a synthetic glycolipids strongly influence their antibacterial activity in solution; for instance, the alpha anomer of the lauric ether derivative of methyl glucopyranoside has a MIC of 0.04 M, which is roughly 100 times smaller (hence, more efficient) than the corresponding beta anomer 31 . For these reasons, even if OA and SA are not supposed to have antibacterial effects in solution 24 , and since we are not aware of such properties for SL0, we have tested the MIC in solutions of these compounds. Using DMSO to improve solubility, and then diluting the solution in water, SL0, OA and SA do not exhibit any inhibitory effect, even at high concentrations (32 mg/mL, i.e. eight-fold above the MIC value found in this work for SL, 4 mg/mL) and bacteria show their oval native shape and intact plasma membranes when observed by SEM-FEG (images not shown). Nevertheless, since SL0 forms supramolecular water-insoluble fibers 34 , it is difficult to obtain reliable antibacterial data in solution and therefore the corresponding grafted surfaces appear as an interesting tool to explore the interactions between these molecules and bacteria.
OA, SA and SL0-grafted surfaces have been elaborated and characterized following the same procedure as the one used for SL grafting (see description above): the corresponding infrared and XPS data (shown in Figure S3 and Figure S4 in the Supporting Information) confirm the grafting of SL0 on gold in equivalent amounts that SL (both layers have equivalent thickness, 30.0±2.0 Å for SL and 31±5 Å for SL0, according to estimation based on XPS analyses -see Supporting information), as well as OA and SA, making the comparison of antibacterial properties of these surfaces possible. In order to better understand the interactions between bacteria and surfaces, water contact angles on the modified surfaces have been determined ( Figure 6 ) as it may influence the contact between bacteria and surfaces, and hence the biocidal effect. The gold surface becomes more hydrophobic after functionalization with OA and SA, for which the water contact angles are respectively 55° ± 2° and 62° ± 2°. The sophorose units, hydroxyl-rich watersoluble disaccharides, of SL lead to an expected decrease of the contact angle with respect to OA from 55° ± 2° to 48° ± 2°, whereas the contact angle increases from 62° ± 2° to 71° ± 2° when passing from SA to SL0. The antinomic effect in terms of surface wetability between SL (48° ± 2°) and SL0 (71° ± 2°) is unexpected, if one looks at the chemical nature of both quasi identical molecules.
Nevertheless, this is not surprising; examples of conformational changes strongly affecting the wetability of coatings exist for peptides, where the chirality sense of the peptide backbone governs the hydrophilic/hydrophobic character of the coated surface 39 . It is also known that glucose-based surfaces/compounds can display different wetability properties. Cyclodextrins, for instance, are water-soluble compounds with a hydrophobic cavity 40 , as the orientation of the C-OH groups in glucose identifies regions of different water-loving properties 41 . A striking example is constituted by two allomorphs of cellulose, Iα and Iβ, the (100) surfaces of which are, respectively, hydrophilic and hydrophobic 41 . The stronger wetability in Iα was demonstrated to come from both the larger exposure of the C-OH groups of glucose and more prominent surface roughness while the glucose moieties of the Iβ are parallel to the surface (low roughness) and more C-OH groups are involved in hydrogen bonding with their close neighbors. In the case of SL-modified surfaces, we then believe that the double bond present in the SL molecule favors the preferential exposure of C-OH groups compared to the SL0 coatings. Interestingly, if one lays SL and SL0 molecules on a flat surface respecting the theorethical bond lengths, dihedral angles and chirality for both the sugar and C17 atom in the aliphatic chain, it is then possible to see that the actual orientation of the C-OH groups is orthogonal to the surface for SL, while it is parallel to it for SL0, as shown in Figure 7 
Discussion.
By comparing the bacteria morphology and viability on OA, SA, SL0 and SL grafted samples, one can safely assert that only surfaces with the unsaturated form of sophorolipids have a biocidal activity (to this regard, please also see the comment in the PM-RAIRS section, page 4, of the SI). The simultaneous presence of the hydrophilic sophorose group and the double bonds appears to be necessary to induce bacterial killing. These two structural features have also a crucial influence on several physico-chemical properties. Sophorose is a bulky disaccharide and its steric hindrance influences the conformation of SL: the surface exhibits a loose packing as observed for antimicrobial peptides chemically grafted on thiolated self assembled monolayers, for instance 35 . The presence of the double bond induces curvature in the alkyl chain layer, thus contributing to the loose, probably defect-rich, packing of the SL compound. The orientation of sophorose is also directly related to the constraints imposed by the C=C double bond (120° angle), and so is influencing the intermolecular hydrogen bonding network. The use of a fully saturated (stearic) alkyl chain in SL0 has several important consequences; it is in fact known that molecular packing is tighter for stearic acid based compound 42 . The so different values of the water contact angles of Au-cys-SL and Au-cys-SL0 suggest that the orientation of the sophorose is different on gold, maybe correlated to the so different biocidal properties (40% to 50% growth inhibition on SL modified-surfaces compared to almost none on SL0 modified-surfaces). Consequently, a variability of the killing-by-contact efficiency could be due to two combined reasons: the disaccharide orientation and local disorder.
To understand the importance of these findings, one must recall the role of carbohydrates in biocidal compounds, often mentioned but never clarified. In the first place, the biocidal properties of glycolipids have always been found for free molecules in solution, where it is impossible to dissociate the action of the sugar from its covalently bonded backbone. Nevertheless, some works show that the efficiency against a given organism depends on the nature of the sugar. For instance, sucrose monolaurate is less effective towards Enterococcus faecalis than lactose monolaurate, but their activities are comparable towards Listeria monocytogenes 43, 44 . Besides, a stronger piece of evidence that the nature of the carbohydrate has an important role was reported by Nobmann et al. on the effect of alpha or beta anomer on the MIC, as discussed previously 31 .
When polysaccharides or sugars are grafted on a surface, the main reported effect concerns the enhancement, or reduction, of microorganisms adhesion, but no biocidal effect 19 . The decrease of bacterial viability observed on gold samples modified with monounsaturated sophorolipids suggests a killing-by-contact action related to the presence of covalently grafted molecules, whereas the hypothetical role of micelles is excluded, since the initial sophorolipid concentration is of 50 µg.mL -1 , a value which is well below the critical micelle concentration (~110 µg.mL -1 ) 45 . In addition, as shown by Quartz Crystal Microbalance experiments, the grafted layer remains stable after the rinsing procedure performed at the end of the grafting (cf. Figure S2 in Supporting Information). In any case, even if all sophorolipids present at the gold surface after rinsing (~180 ng according to QCM experiments, as exposed in the Supporting Information section) are released into the 100 µL drop of bacterial suspension used in the antibacterial tests, the concentration would be less than 2 µg.mL -1 , thus assuring to be below the typical MIC and the MBC for free sophorolipids (respectively 4 and 32 mg.mL -1 , as measured in this study). Excluding the hypothesis according to which bacteria may be killed by residual free sophorolipid molecules, it also automatically excludes the fact that grafted sophorolipids act via the classical "surfactant effect", as described in solution for many other glycolipids, and more in general surfactant molecules, or even peptides 21-23, 28, 46 . Here SL can only interfere with the bacterial cell envelope through the sophorose moiety, which is not able to diffuse neither through the cell wall nor the plasma membrane. We also make the assumption that sophorolipids, characterized by an ether covalent bond between sophorose and oleic acid (etherbased glycolipids are known to be stable during their antibacterial activity 31 ) , are stable at the gold surface towards potential hydrolysis by bacterial esterase. Another favorable argument consists in the fact that if sophorolipids would be hydrolyzed by L. ivanovii, we would not expect an antibacterial activity at all, as the residual oleic acid moiety has none. The killing process is then directly related to the contact between the cell envelope and the sophorose headgroup. Moreover, there is a general consensus on the fact that the most effective biocidal chemical groups (e.g. antimicrobial peptides, alkylammonium derivatives) are able to approach and pierce the cell wall thanks to their rigid and electrically-charged nature. The action of cationic polymers for instance is usually described as disrupting the lipidic membranes of bacteria through electrostactic and hydrophobic interactions 47 .
Similar mechanisms are also suggested for antimicrobial peptides 25 . In comparison, because of their electro-neutrality, monounsaturated sophorolipids have little chance to cause membrane lysis after grafting. We believe that the origin of their biocidal effect is rather related to specific sophorose/cell envelope interactions. However, these have never been described in the literature.
To understand the origin of cell envelope damage in our system, we thus make two hypotheses, biochemical and/or biophysical (or both simultaneously). The biochemical pathway refers to a possible interaction between sophorose and the microorganism which triggers a (series of) biochemical response(s) responsible for the cell envelope rupture. This is the classical way penicillin antibiotics work by inhibiting the transpeptidase, enzymes responsible for the cross-linking of the peptidoglycan layer. 48 Similar arguments are also used to explain the mechanism of action of the moenomycin antibiotic, a well-known glycolipid, and its derivatives. They inhibit the in vitro transglycosylation reaction in E. coli, thus blocking the synthesis of the cell wall and its eventual death, with or without lysis [49] [50] [51] . In addition, a potential role as signaling molecules that regulate gene expression has been discussed to explain the antiadhesive properties of some bacterial exopolysaccharides 16 . If these specific mechanisms do not seem to be applicable to the case of surface-grafted SL against Listeria (since it seems difficult for anchoring SL to interfere with the inner metabolism of the bacteria), similar sophorose-induced biochemical pathways may not be completely excluded, even though unknown at the moment. The biophysical pathway refers to a mechanical, destabilizing, interaction between the carbohydrate and the Listeria cell envelope, which is mainly constituted by a peptidoglycan and phospholipid layers 52, 53 . If the action of sophorose on the cell envelope is out of doubt, the way such interaction occurs is still unknown. Specific literature data neither exist on this specific system nor, to the best of our knowledge, on the more general destabilization of the peptidoglycan layer by mono-and disaccharides. As far as an action on the plasma membrane, the lysis of which is put in evidence here by the epifluorescence observations (if PI reaches the nucleic acid of red bacteria, it means their plasma membrane is damaged), one could formulate two different mechanistic hypotheses, admitting the previous interpenetration of the cell wall: 1) intra-membrane sugar intercalation 54, 55, 56 , perturbing the local liquid crystalline order, as observed in the case of other non-reducing disaccharides (e.g., trehalose and sucrose) 32 .
2) Membrane destabilization mediated by recent fundamental studies by Abbott et al. go in this sense, showing the destabilizing effects the macromolecular adsorbents of biological relevance (e.g., proteins) may have on model phospholipid liquid crystal membranes 57 . They have shown that not only weak binding of proteins drive the reorganization of the phospholipids and trigger orientational transitions in the liquid crystals, but also that similar events can also occur by ligand (biotin)-receptor (streptavidin) recognition phenomena, where streptavidin is contained in the liquid crystal layer and biotin in an external phospholipid vesicles approaching it 58 . It is not known at the moment if any of these hypotheses, generally formulated in the case of interactions between free molecules and a cell envelope, can be applied to the present biocidal effect of surfaces-grafted sophorolipids and it deserves more fundamental studies. Besides, whatever the mechanism, the main reason for which the saturated SL0 sophorolipid does not seem to have any biocidal property could be multiple: poor accessibility of individual surface sophorose groups, enhanced bacterial adhesion, both limiting the accessibility of sophorose and consequent interaction with membrane penetration.
Conclusion
This paper reports the conception of an innovative biocidal coatings using carbohydrates immobilized on a surface. Sophorolipids, yeast-derived bolaform biosurfactants, were successfully attached to a model flat gold surface modified by a thiolamine primer through amidation of their COOH group. The resulting glycosylated surface, where sophorose (glucose β−1,2), a non-reducing disaccharide, lays on top of the surface, shows a biocidal activity towards Listeria ivanovii bacteria. So far, glycosylated surfaces have been known for their anti-adhesive properties. A combination of microscopy tools shows that bacteria are killed through membrane lysis. Bacterial growth and adhesive tests show that between 40 % and 50 % of exposed bacteria are damaged; these values are coherent with the quantitative data obtained from fluorescent staining. To better understand the mechanism of action, the effect of sophorolipids was compared to rational molecular variations of this compound: oleic acid, constituting the aliphatic backbone of sophorolipids, fully saturated sophorolipids and stearic acid, the aliphatic component of the latter, have been grafted on gold and no biocidal activity could be detected. This comparative study then underlines the crucial role played by sophorose but it also highlights the importance of the aliphatic chain configuration, influencing the substrate wettability, bacterial adhesion and biocidal effects. If this first example of a biocidal effect from a glycan array demonstrates the membrane disrupting properties of a non-reducing disaccharide, the actual mechanism of interaction between sophorose and the bacterial membrane is still unknown, and it may not still be confined to this particular sugar alone.
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